Ulta-slow relaxation in discontinuous-film based electron glasses 
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We present field effect measurements on discontinuous 2D thin films which are composed of a sub 
monolayer of nano-grains of Au, Ni, Ag or Al. Like other electron glasses these systems exhibit 
slow conductance relaxation and memory effects. However, unlike other systems, the discontinuous 
films exhibit a dramatic slowing down of the dynamics below a characteristic temperature T* . T* 
is typically between 10-50K and is sample dependent. For T < T* the sample exhibits a few 
other peculiar features such as repeatable conductance fluctuations in millimeter size samples. We 
suggest that the enhanced system sluggishness is related to the current carrying network becoming 
very dilute in discontinuous films so that the system contains many parts which are electrically very 
weakly connected and the transport is dominated by very few weak links. This enables studying the 
glassy properties of the sample as it transitions from a macroscopic sample to a mesocopic sample, 
hence, the results provide new insight on the underlying physics of electron glasses. 

PACS numbers: 75.75.Lf; 72.80.Ng; 72.20.Ec; 73.40. Rw 



Glassy behavior of the conductivity, a, in strongly dis- 
ordered systems that are characterized by strong elec- 
tronic interactions were predicted by several groups 0- 
Exciting such a system out of equilibrium leads to 
an increase in conductivity, <r, after which the relaxation 
towards equilibrium is characterized by extremely long 
times, memory phenomena and aging. Since the slow 
dynamics are related to their electronic properties these 
systems were termed electron glasses Q . Experimentally, 
glassy features were observed in a verity of systems in- 



cluding granular Au 
indium oxide films 



amorphous and poly-crystallinc 



12 



lj, ultrathin Pb films 
ular aluminum 13|, and thin beryllium films |15| . A 
standard way of excitation in these experiments is by 
applying a gate voltage, V g , in a MOSFET setup. Con- 
ductivity increases for both orientations of V g followed 
by very slow relaxation of a which is found to follow an 
approximate logarithmic dependence on time and may 
be measured over time-scales of days. A typical feature 
which has been suggested as the hallmark of intrinsic 
electron glasses [l6| is a " memory dip" (MD) which shows 
up as a minimum in the <j(V g ) curve when V g is scanned 
fast compared to the characteristic relaxation time. The 
dip is centered around the gate voltage at which the sam- 
ple was allowed to equilibrate. 

The origin of the extremely slow relaxation and the 
memory dip as well as their dependence on parameters 
such as temperature, bias voltage, carrier concentration 
etc. arc still under debate and more experimental infor- 
mation may help shedding light on the physics of electron 
glasses. In this letter we present results on the glassy 
properties of two dimensional discontinuous films. Wc 
find that these systems exhibit a dramatic slowing down 
of the dynamics below a characteristic temperature T*. 
For T < T* the conductance of the sample exhibits re- 
producible fluctuations with exponentially growing am- 
plitude as the temperature is lowered indicating that the 
effective electronic size of the sample has become very 



small. We discuss the influence of the sample geome- 
try and its effective size on the conductance relaxation 
properties. 

All conductance results presented in this work were ob- 
tained by standard 2-wire lock-in techniques performed 
on thin discontinuous Au, Al, Ag or Ni films prepared by 
the quench condensation technique, i.e. thermal evapo- 
ration on a cryocooled substrate 17-3]. dc techniques 
were used for comparison in a few cases yielding simi- 
lar results. For achieving field effect geometry we used 
a doped Si substrate (that was utilized as a gate elec- 
trode) coated by a 0.5 fxm insulating SiO layer. Gold 
pads were pre-prepared on the substrate so that, together 
with a shadow mask, they defined a sample area of 0.6mm 
by 0.6mm. The substrate was then placed on a sample 
holder within a vacuum chamber. After the chamber 
was pumped out, the substrate was cooled to cryogenic 
temperatures and thin layers of Au, Ni, Al or Ag were 
deposited while monitoring the film thickness and resis- 
tance. For thin enough layers this technique yields a film 
that is discontinuous, consisting of a sub monolayer of 
metallic grains, 10-20nm in diameter, separated by vac- 
uum as seen in fig. 1. A major advantage of this method 
is that throughout the entire process of sample growth 
and measurement the samples are kept in ultra-high vac- 
uum and not exposed to air, thus protecting the grains 
from oxidation or contamination. This is especially im- 
portant for nano-grains in which the surface area to vol- 
ume ratio is very high. 

Granular metals which are on the insulating side of the 
metal-insulator-transition are known to be hopping sys- 
tems that exhibit resistance versus temperature (R(T)) 
curves that follow: 

R cx expl^} a (1) 

Experimentally, as between 0.5 and 1 have been re- 
ported. In our films eq. [T] is fulfilled only for rela- 
tively high T. Fig. 1. depicts the R(T) curves of a 
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FIG. 1: Resistance versus temperature for a 7 nm thick dis- 
continuous gold film (black full squares) measured using dc 
methods and a lOnm Ni Film (yellow empty circles) mea- 
sured with ac methods. The lines are fits to Efros Shklovskii 
like behavior. Insert: An SEM image of the Au film after 
heating it to room temperature (color online). 

gold film and a nickel film. It is seen that for temper- 
atures higher than a characteristic temperature, T* (in 
fig 1 T* ~ 20K for the gold sample and ~ 10 K for the 
Ni sample), we observe a usual Efros Shklovskii [2(J like 
dependence (a = 0.5). However, for T <T* the conduc- 
tance depends much weaker on temperature and seems 
to be approaching saturation at low temperatures. 

It turns out that T* manifests itself in other transport 
properties of the sample. As in other electron glasses, af- 
ter the sample is allowed to equilibrate at a certain gate 
voltage, V g o for a long time, a MD is observed in con- 
ductance versus gate voltage curve. In all our films the 
MD is accompanied by reproducible conductance fluctu- 
ations (see fig. 2). These fluctuations are random, how- 
ever they are reproducible for sequential experiments per- 
formed under similar conditions. Such fluctuations have 
been observed in the past in indium oxide [2~l| and granu- 
lar Al [22[ electron glasses with dimensions smaller than 
100 fim. We observe these fluctuations for much larger 
samples. Fig. 2 shows that the rms amplitude of the 
fluctuations, JSr , of a 0.6*0.6 mm film becomes measur- 



able for T < T* and grows exponentially with decreasing 



temperature. The increase of 



with lowering T was 
observed in other systems [22[, however, in those cases it 



SG 

<G> 



was found that oc T - ' 3 with j3 ~ 2. The power law 
dependence was attributed to the fact that the magni- 
tude of the fluctuations are proportional to L\ where Lq 
is the spatial scale of an independent microscopic fluctu- 
ations which was ascribed to the correlation length of the 
percolation network. This length is predicted to have a 
power law dependence on temperature 



L a ex [r h ] v cx T~ av (2) 
where is the characteristic hopping length, a is the 
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FIG. 2: a: Conductance as a function of gate voltage for one of 
our 0.6*0.6 mm Au films at different temperatures. The thick- 
ness was 7nm. V g o = 0V. The inset shows the rms amplitude 
of the conductance fluctuations as a function of temperature, 
b: q (blue circles) and the dip amplitude 20 minutes after 
the quench-coolling of the sample (black triangles) versus T. 
(color online) 

power of the temperature dependence of the resistance 
given by eq. Q]and v is between 1 and 2. An exponential 
dependence of ^ as seen in fig. 2 implies an uncon- 
ventional change of the percolation network for T < T*. 

A similar conclusion can be derived from the temper- 
ature dependence of the current-voltage characteristics. 
It is useful to study conductivity versus voltage curves, 
cr(V), such as that shown in fig. 3 for an Au film. These 
curves are characterized by a voltage Vq above which the 
conductivity increases with voltage thus deviating from 
ohmic behavior. Several theoretical works (231425] predict 
that non-Ohmic conductivity should occur for: 

k B T < eFL (3) 



where F is the field applied across Lq. 
expected to follow [261 ] : 



T 

T 



Vq (X ^- (X T n 



Hence Vq is 



(4) 



where m is between 1 and 2. The dependence of Vq on T 
for a discontinuous Au film is shown in fig. 3. It is seen 
that for T > T* the I-V characteristic yields Vq oc T 2 as 
expected. For T < T* there is a sharp drop in Vq and 
a clear deviation from eq. |4] Such behavior could be 
interpreted as an unusually rapid increase in Lq as the 
temperature is lowered below T*. 
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FIG. 3: Vo as a function of T for a discontinuous Au film. The 
determination of Vo is illustrated in the inset which shows a 
conductance versus voltage curve at T=6K. Vo is defined as 
the voltage at which the conductance increases by 5 % from 
its ohmic value. 

Perhaps the most remarkable phenomenon that occurs 
at low temperatures is a dramatic slowing down of the 
system's electronic dynamics. Since the relaxation after 
any excitation follows an approximate logarithmic de- 
pendence it does not have a natural characteristic de- 
cay time. Nevertheless a number of methods have been 
proposed to experimentally define the "slowness" of the 
relaxation in electron glasses j27|, all giving equivalent 
characteristic times, r. A popular method employs the 
"two dip experiment" (TDE) In this experiment 

the sample is allowed to equilibrate for a long time (of 
the order of a day) at a certain gate voltage V g \. At this 
stage a fast o~(Vg) scan yields a conductivity memory 
dip centered around V g \. At time t=0 the gate voltage 
is abruptly changed to V g i and fast o~(V g ) scans are per- 
formed at selected time intervals. As a function of time 
the dip at V g \ is slowly suppressed while a new dip de- 
velops around V g i- The characteristic relaxation time, r, 
is defined as the time at which the amplitude of the two 
dips is equal. 

A TDE for a discontinuous Au film sample at T=55K 
is shown in fig. 4e. It is seen that ps 1000s, which 
is a typical value for disordered samples having high car- 
rier concentration [lf|. Upon lowering the temperature, 
all our films exhibits a huge increase in the character- 
istic relaxation time. For example, T\§k is found to be 
~ 10 6 s. This makes the systematic study of ttde at 
different temperatures unpractical. Therefore we mea- 
sure the fraction of relaxation that the system undergoes 
over a time of 1 hour. This is done in the following way: 
We allow the sample to equilibrate at relatively high T 
(T > T*) while applying V g =0 for a time t\ after which 
a dip is well developed. We then cool the sample to a 
different temperature, perform a gate voltage sweep to 
determine the size of the dip and change the gate voltage 
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FIG. 4: a-d: Conductance versus gate voltage at t=0 (black 
light line) and at t=l hour (blue heavy line) for different 
temperatures, e: More detailed two dip experiment results 
for T=55K. f: Second dip amplitude of the Au sample of 
panels a-e (red full squares) and a Ni sample (blue empty 
circles) as a function of temperature (color online). 



sure the amplitude of the dip at V g 



13. We define 



to V 



-13V. We then wait for one hour and mea- 



the amplitude ratio between the new dip and the old dip 
(at V g = 0) as A\h. This is taken as a measure for the 
"slowness" of the relaxation. The dependance of A\h on 
temperature is shown in fig. 4. It is seen that there is 
a dramatic decrease of A\h at T ~ T* . Similar behav- 
ior was obtained for all studied samples (over 12). The 
relaxation times and T* did not seem to depend on re- 
sistance but the amplitude of the memory dip decreased 
as the sample approached the metal-insulator transition. 

Slowing down of relaxation processes with decreasing 
temperature may seem natural, however it is contrary to 
the situation in other electron glass systems. In amor- 
phous and crystalline indium oxide [30j, and granular 
aluminum [3] the dynamics were found either to be inde- 
pendent on temperature or to slow down upon increasing 
T. The latter has been suggested as evidence that disor- 
dered electronic systems are quantum glasses [3(|. In 
contrast, our Au films exhibit a dramatic slowing of the 
dynamics upon cooling. Furthermore, the temperature 
dependence of r is very peculiar. Fig. 4f depicts A\h 
(which inversely depends on t) as a function of T. It is 
seen that there is a sharp increase of relaxation times 
over a small temperature range. 

The fact that the slowing down of the dynamics occurs 
at T ~ T* , where mesoscopic conductance fluctuations 



4 



become significant, leads us to postulate that it is related 
to a significant dilution of the current carrying network 
(CCN). Note that, unlike in other electron glasses, the 
conductivity in the discontinuous films is strictly two di- 
mensional. In addition, the SEM image of figure 1 shows 
that the grains are not closely packed, but rather the 
film morphology is composed of fractal shaped clusters 
connected by thin (single grain) bottlenecks (3l| . Hence 
this film is characterized by geometrical and not only 
electronic percolation which is typical of other hopping 
systems. At low temperatures many of these bottlenecks 
may disconnect from the CCN because of energy mis- 
matches thus leaving most of the sample electrically cut- 
off. This gives rise to enhanced conductance fluctuations 
since the effective electronic system size is small. This 
also accounts for the apparent saturation of the R(T) 
curve at low T as shown in fig 1. Upon lowering T the 
electric current network becomes progressively dilute and 
the variable range hopping mechanism becomes less rel- 
evant as fewer sections of the sample dominate the con- 
ductivity. Eventually, at the extreme case where the con- 
ductivity governed by a single weak link it is expected to 
be temperature independent. 

Under these conditions, at low T there is a very small 
probability for an electron to tunnel into and out of the 
current carrying network and most of the charge carriers 
are trapped in isolated regions of the sample. This causes 
a significant slowing down of the relaxation processes to 
equilibrium because these rely on many body hopping 
processes taking place in various parts of the sample. 
Since most of the sample is very weakly connected, the 
relaxation to equilibrium becomes extremely slow, thus 
hindering the development of a new MD at low temper- 
atures. This can be realized from fig. 2b that shows the 
amplitude of the memory dip 20 minutes after the cool 
down, A2o m , as a function of temperature. It is seen 
that for T < T* this amplitude reduces with decreasing 
temperature. The amplitude of the memory dip in other 
electron glasses has shown to increase rapidly with de- 
creasing temperature The decrease of Azom with 
lowering temperature reflects the fact that the dynamics 
of the disconnected sections (most of the sample) have 
become extremely slow that the CCN is so dilute so that 
glassy properties are no longer relevant. Indeed some of 
the mesoscopic electron glasses studied in the past also 



becomes strikingly apparent in these discontinuous films. 
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did not exhibit a measurable MD 

In conclusion we have shown that electron glasses 
based on 2D discontinuous films exhibit a sharp increase 
of relaxation times at low temperatures. These systems 
are characterized by a tenuous morphology which was 
not studied in the context of electron glasses so far. Our 
results demonstrate that relaxation to equilibrium hinges 
upon electronic transition in a wide region of the sample 
and when these become unavailable the relaxation pro- 
cesses are considerably impeded. The many-body and 
many-electron-hopping nature of the electron glass thus 
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